Abstract. Flexibility of an insect wing has an important effect on the aerodynamic characteristics. In this paper, deformations and aerodynamic characteristics of flexible flapping wings referred to a real cicada's wing are investigated. Firstly, 3 flexible flapping wing models referred to a real cicada's wing are established. Then, a method of fluid-structure coupling for flexible flapping wings is studied in ANSYS. Finally, deformations as well as lift & drag characteristics of the 3 flexible flapping wings are simulated with the method of fluid-structure coupling. The result indicates that deformations of flexible flapping wings can enhance the aerodynamic performances, and the model whose flexibility is similar to that of a real cicada's wing has better aerodynamic characteristics.
Introduction
Flapping-wing micro aerial vehicles (FMAV) has a wide application prospect, it has become a research focus in the area of micro air vehicle (MAV) [1] . FMAV can be grouped into insect-like and bird-like FMAV. Because bird-like FMAV involves lower frequency and bigger size, it can be easily developed, and many bird-like FMAV have been created successfully. Caltech Micromachining Laboratory ， UCLA and AeroVironment Inc. built the microbat that has demonstrated successful free flights with flight duration ranges from 5 to 18 seconds [2] . Researchers at Delft University of Technology in the Netherlands have created the DelflyII which is a 30cm device and can fly horizontally at 15m/s [3] . SRI and Toronto University developed"Mentor" whose wingspan is 15cm [4] . Krashanitsa et al. developed a 74-cm-wing-span ornithopter equipped with an automatic flight control system. [5] On the insect scale, Robert Wood at Harvard has used MFI technology to achieve takeoff of a tethered 60mg flapping vehicle [6] . In all, insect-like FMAV is rare.
The Cicada is one of the largest insects [7] [8] , so the FMAV mimicking cicada is easy to develop under the current technical level. Because the research work on FMAV mimicking cicada is still rare, our target is to develop a FMAV mimicking cicada, and the paper investigates the deformations and aerodynamic characteristics of flexible flapping wings referred to a real cicada's wing.
Establishing flexible flapping wing models
A real cicada wing is photographed using high performance digital camera, then the vector image is imported to Pro/E, and the edge contour of the cicada's wing is drawn, eventually a three-dimensional simplified model of the membrane is gotten( with uniform thickness of 100um). Next, only four veins are designed to facilitate the manufacture of the wing. Finally, carbon fiber composite and polyimide are selected as the materials of veins and membranes, respectively. The whole process of establishing a flexible wings model is shown as Fig. 1 . 3 The method of fluid-structure coupling for flexible flapping wings
The model of Fluid-structure Coupling for flexible flapping wings
A cuboid of 600 mm×300 mm×600mm is regard as fluid computational domain, and surface of membrane is chosen as the fluid-structure interaction interface. In this way, structural characteristics of membrane and vein are all considered in structural computation, only deformation and movement of the membrane is transferred to fluid computational domain. In Fluent, the shape of membrane is updated through dynamic grid technique, and the force on the surface of membrane is calculated, then the force is transferred to structural computation. Finally, the model is imported to Transient Structural and Fluent respectively, and the Transient Structural and Fluent are connected by System Coupling, thus the fluid-structure coupling can be done.
Setting calculation parameters

Setting structural calculation parameters
In the Transient Structural main interface, the material parameters of membrane and vein are set. The model of fluid domain is suppressed. Meshing method and size of membrane surface is set, and unstructured triangular grid is applied to membrane surface. An axis of reference is set, and its 2 rotary motions around a fixed coordinate system stand for flapping motion and twist motion of wing. The rotary rate is based on the reference 8. The membrane surface is set as Fluid Solid Interface. Time Step is 0.0001s, Step End Time is 0.05s, and Large Deflection is on. The calculation parameters are transferred to System Coupling.
Setting flow calculation parameters
Meshing method and size of membrane surface in Fluent is as same as in Transient Structural, membrane surface is also set as system coupling interface, such parameters as end time, step size, etc. are as same as in in structural calculation, The calculation parameters in flow field are transferred to System Coupling.
Setting coupling calculation parameters
Analysis Type is set as Transient, solving method is sequential coupling. Because the wing motion brings change of flow field, Transient Structural is set as the first in order, and Fluent is set as the second in order. The maximum and minimum iterations are 10 and 1. Fluid Solid Interface in structure calculation and the System Coupling in flow field calculation are all chosen. Right-clicking is to create a data transfer, RMS Convergence Target in data transfer control is set as 0.01. The right Step Interval of Intermediate Restart Data Output is chosen. Finally, coupling calculation began with clicking the option of update. For further comparative analysis of 3 models, point A and point B (as shown in Fig. 1 ) are taken as testing points. Their displacements are tested. To compare flexible wing with rigid wing, we subtract displacements of point A and point B in rigid wing from that of corresponding points in each model. Displacement differences of point A and point B is shown as Fig. 3 and Fig. 4 . 1 on the horizontal axis in Fig. 3 and Fig. 4 stands for a cycle, so the time-span from 0 to 0.25 is the period of wing motion from bottom position to middle position in up stroke. That from 0.25 to 0.5 is the period of wing motion from middle position to top position in up stroke, that from 0.5 to 0.75 is the period of wing motion from top position to middle position in down stroke, and that from 0.75 to 1 is the period of wing motion from middle position to bottom position in down stroke. To some extent, deformations (or displacement differences) indicates bending and twisting of wing. From Fig. 3 , it is indicates the mode 3 has the largest bending deformation, and the largest bending deformation is near to the bottom position. From Fig. 4 , it is indicates the mode 3 also has the largest torsion deformation, and the largest torsion deformation appear near the bottom position. The comparison of lift coefficients is shown in Fig. 5 . it indicates that flexibility has a large effect on lift coefficient, and lift coefficients change is complex. The comparison of thrust coefficients is shown in Fig. 6 . For the detailed comparison, we calculate the mean lift coefficient and thrust coefficient (as shown in Table 2 ). The comparison result shows that model 1 has the best aerodynamic characteristics, and its mean lift coefficient and thrust coefficient are all large. The result also shows that insect wing has appropriate flexibility, and it produce the best aerodynamic characteristics. 
Aerodynamic characteristics of flexible flapping wings mimicking cicada
Conclusion
In this paper, cicada's wings is regard as a bionic object, 3 types of flexible flapping wing models are designed. The method of fluid-structure coupling for flexible flapping wings is researched. And based on fluid-structure coupling computing, deformations and aerodynamic characteristics of the 3 flexible flapping wings are investigated. The result shows that mode1 1 whose flexibility is similar to that of a real cicada's wing can produce the better aerodynamic characteristics.
